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Identification of a Novel Tetramerization Domain
in Large Conductance KCa Channels
of these channels. What is most important in the present
context is that all of these channels are formed by the
tetramerization of monomers or, presumably in the case
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of 2P channels, the dimerization of monomers (MacKin-P.O. Box 3209
non, 1991; Glowatzki et al., 1995; Yang et al., 1995;Durham, North Carolina 27710
Coetzee et al., 1999; North, 2000).
Despite the overall structural similarity between the
various K channel families, there appears to be littleSummary
or no mixing of K channel subunits between channel
families (Covarrubias et al., 1991; Wei et al., 1996). InMore than 50 genes are known to encode K channel
general, an individual K channel subunit recognizesmonomers and can coassemble to form hetero-tetra-
and stably associates with three other K channel sub-meric K channels. However, only a subset of possible
units from its own family or subfamily to form functionalmonomer combinations come together to form func-
channels. The mechanism by which appropriate sub-tional ion channels. The assembly and tetramerization
units tetramerize is not understood, but for the Kv andof appropriate channel monomers is mediated by as-
Kir channel families, a protein sequence called an associ-sociation domains (ADs). To identify such domains in
ation domain (AD) has been shown to self-associatehuman large-conductance Ca2-activated K channels
and, in some cases, even form tetramers (Papazian,(hSlo1), we screened hSlo1 domains for self-associa-
1999; Sheng and Deutsch, 1998; Tu and Deutsch, 1999).tion using yeast two-hybrid assays. Putative ADs were
For some Kv channel monomers, a strong AD has beensubjected to functional assays in Xenopus oocytes
localized to a cytoplasmic N-terminal region immedi-and further characterized by coprecipitation, native
ately preceding the first transmembrane domain (Li etgel electrophoresis, and sucrose density gradient cen-
al., 1992; Shen and Pfaffinger, 1995). When expressedtrifugation assays. This led to the identification of a
alone, this AD can form a tetramer (Abbott et al., 1997;single intracellular association domain localized near
Li et al., 1992), and the recently determined crystal struc-the channel pore and required for channel function.
ture of this domain is also consistent with tetramericWe conclude that this novel tetramerization domain,
association (Bixby et al., 1999; Kreusch et al., 1998).referred to as BK-T1, promotes the assembly of hSlo1
In contrast, for the large number of known Kir channelmonomers into functional KCa channels.
monomers, an AD has been localized to a different re-
gion of the protein. For these subunits, each of whichIntroduction
contains only two transmembrane domains surrounding
a central pore, an AD appears to be within a hydrophilicMany different types of K channels contribute to defin-
region immediately carboxyl to the pore region of each
ing neuronal excitability under resting as well as active
subunit (Koster et al., 1998; Tinker et al., 1996). ADs
conditions. These different K channel subtypes are all
that determine the functionality of KCa channel tetramershighly selective for K but differ in their voltage depen- have not been described.
dence, kinetics, conductance, or sensitivity to intracellu- Two types of KCa channels, large conductance (BK)lar modulators. Such functional differences allow K and small conductance (SK, IK), are expressed in virtu-
channel subtypes to regulate individual aspects of elec- ally all neurons and also in many peripheral tissues
trical signaling such as the frequency and shape of ac- (Bond et al., 1999; Reinhart et al., 1989; Sah, 1996; Ver-
tion potentials, the threshold voltage, the magnitude and gara et al., 1998). The human genome appears to contain
duration of afterhyperpolarizations, as well as the resting a single gene (Slo1 locus; 10q22.3) for BK channels
membrane potential (Jan and Jan, 1997; Roeper and (Tseng-Crank et al., 1994); although recently, two other
Pongs, 1996; Coetzee et al., 1999; Fettiplace and Fuchs, genes, Slo2 and Slo3, were shown to code for structur-
1999). Currently, more than 50 genes encoding K chan- ally related proteins (Schreiber et al., 1998; Yuan et al.,
nels have been localized within the human genome 2000). In neurons, Slo1 channels have been localized to
(Coetzee et al., 1999), and these are grouped into fami- cell bodies and nerve terminals (Knaus et al., 1996) and
lies based on functional and structural similarities. The can functionally colocalize with Ca2 channels at pre-
four predominant families are: the voltage-gated (Kv), synaptic terminals. Hence, these two channel types can
inward rectifier (Kir), two-pore (2P), and calcium-acti- act in concert to regulate action potential induced cal-
vated (KCa) channels. All of these K channels share cium transients and, therefore, neurotransmitter release
common structural features. They contain a highly con- (Robitaille et al., 1993). In addition, BK channels form
served pore loop domain that contributes to their strik- complexes with other proteins such as a number of 
ing selectivity for K, and this region is surrounded by subunits, some protein kinases, and protein phospha-
two transmembrane domains that contribute to the pore tases (Bielefeldt and Jackson, 1994; Brenner et al., 2000;
and also contains at least part of the gating machinery Chung et al., 1991; Knaus et al., 1994; Wallner et al.,
1999a; Weiger et al., 2000). Unlike all other K channels
described, large conductance KCa channels contain2 Correspondence: reinhart@neuro.duke.edu
seven transmembrane domains, placing the N terminus3 Present address: Neuroscience, Lilly Research Laboratories, India-
napolis, Indiana 46285. at the extracellular side of the membrane (Wallner et al.,
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1996). Furthermore, this N terminus has been implicated fore, the hSlo1 fragment L6 meets two criteria for an
AD: it binds to itself and the self-association is veryas a binding domain for  subunits. The C terminus is
comprised of some 800 amino acids thought to form specific. Furthermore, like the AD isolated from ACh
receptors and some voltage-gated K channels, the do-an intracellular domain containing one or more Ca2
binding sites and also protein association domains for main is predominantly hydrophilic. A further point re-
vealed by this study is that domain L0, which is in theother proteins (L. Estey et al., submitted; Favre et al.,
2000; Schreiber et al., 1999; Wei et al., 1994). Hence, homologous position to the AD domain in some related
voltage-gated K channel subunits, neither self-associ-BK channels not only associate as tetramers, but form
higher order protein complexes with a number of other ates (Figure 1C), nor does it associate with any other
linker in this assay (Figure 1D and data not shown).proteins (Kaczorowski and Garcia, 1999; Reinhart and
Levitan, 1995; Vergara et al., 1998; Wallner et al., 1999b).
To identify BK channel association and tetrameriza- Dominant-Negative Functional Assays
tion domains, we have utilized a number of independent Because yeast two-hybrid assays are prone to false posi-
experimental approaches. These include yeast two- tive as well as false negative data, independent functional
hybrid assays of human BK channel (hSlo1) fragments; assays for ADs in hSlo1 channels were developed. Domi-
functional screens using full-length BK channel con- nant-negative functional assays were designed to localize
structs coexpressed with putative AD fragments; co- channel fragments capable of associating with full-length
precipitation experiments; density gradient centrifuga- subunits, producing nonfunctional channel tetramers in
tion; and nondenaturing PAGE. All of these approaches which one or more channel fragments has taken the
consistently identify a single protein domain, which place of a full-length subunit. The series of hSlo1 frag-
meets the criteria for an AD. This novel sequence is ments coexpressed with hSlo1 in Xenopus oocytes is
unrelated to any previously identified AD, is located near shown in Figure 2A and the currents obtained from these
the pore between the core channel domain of hSlo1 and dominant-negative experiments in Figure 2B. These
the C-terminal “modulatory” domain, and forms tetra- data show that most of the channel fragments, such
mers in vitro. We conclude that this domain, referred to as S0S1 and S0S6 (Figure 2B), produced either no or
as BK-T1, promotes the association and tetramerization minimal inhibition of hSlo1 currents, indicating that
of BK channel monomers and, hence, determines the these domains do not contain strong ADs. However,
identity and functional properties of BK channels. three channel fragments, S0S8, S5S8, and S5S10, do
significantly suppress hSlo1 current expression. These
three fragments all contain the linker region between S6Results
and S8, which connects the ion channel “core” to the
C-terminal modulatory domain. Hence, the results ofYeast Two-Hybrid Assays
these dominant-negative assays point to the same re-The AD of multimeric proteins brings together individual
gion identified by the yeast two-hybrid assay describedsubunits and stabilizes the resulting protein complex.
above. Also consistent with the yeast two-hybrid dataTo localize ADs in hSlo1 human large conductance Ca2-
is the finding that coexpression of the S0S1 fragmentactivated K channels, PCR-amplified channel frag-
containing the L0 domain does not suppress hSlo1 cur-ments were examined for self-association properties us-
rents, again indicating that this part of the channel doesing a yeast two-hybrid assay. As shown in Figures 1A
not contain a strong AD.and 1B, hSlo1 subunits contain numerous hydrophobic
Further experiments were performed to determineregions (S0–S10) separated by hydrophilic linkers (L0–
whether N-terminal or C-terminal domains play a subunitL10). The N-terminal third of the protein forms the ion
association role in hSlo1. hSlo1 subunits in which all ofchannel “core” followed by a long C-terminal fragment
the N terminus prior to S0 (Figure 1B) was deleted werereferred to as the “modulatory” domain, because it is
found to associate and form functional channels whenbelieved to contain Ca2 binding sites and many sites
expressed in Xenopus oocytes (data not shown). Simi-phosphorylated by protein kinases (D’Souza and Rein-
larly, the removal of 50 amino acids from the C terminushart, submitted; Schreiber and Salkoff, 1997; Wei et al.,
has no effect on the ability of monomers to form func-1994). Six intracellular hydrophilic domains consistent
tional channels (data not shown). Hence, neither of thewith the minimal size of previously characterized ADs
two termini appears necessary for tetramer formationin other proteins (Figure 1B, bold lines) were screened
and are unlikely to be part of an AD for this channelin yeast two-hybrid assays by linking each domain to
family.either a Gal4 DNA binding domain or a Gal4 DNA activa-
tion domain. Both pairwise (i.e., L6 with L6) and cross-
wise (i.e., L6 with L8) associations were examined for Functional Assays: Suppressors of Dominant-
Negative hSlo1 Constructsall domains (Figures 1C and 1D). In all of these assays,
only a single pairwise association, L6 with L6, was found Because numerous nonspecific mechanisms can lead
to a loss of channel expression, a second type of assayto be positive (Figure 1C). Interestingly, when a complete
human brain cDNA library was screened in a yeast two- resulting in the appearance of functional hSlo1 channels
in response to the deletion of putative ADs was devel-hybrid assay for proteins that can interact with L6, only
hSlo1 sequences containing domain L6 were recovered oped. This assay involves the generation of dominant-
negative constructs due to mutations of the hSlo1 chan-(data not shown). In contrast, when the same library was
screened with a different hSlo1 fragment (L8) (Figure nel pore. Mutations at equivalent sites have previously
been shown to result in dominant-negative channel sub-1B), more than 20 different proteins were found to bind
to this channel fragment (Estey et al., submitted). There- units that fold and assemble into tetramers but are un-
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Figure 1. Yeast Two-Hybrid Assays Demonstrate Self-Association of the hSlo1 L6 Hydrophilic Linker
(A) hSlo1  subunit showing primary contiguous hydrophobic regions labeled S0–S10. S0–S7 are predicted to be extracellular and the C
terminus intracellular. Intracellular hydrophilic linker domains are labeled as L0–L10. Amino acid numbers defining the N and C termini of
linker domains are shown below the figure.
(B) Hydrophilic linkers longer than 20 amino acids (bold) were assayed for self-assembly in yeast two-hybrid assays.
(C) Summary of yeast two-hybrid results for all regions assayed for self-association. A positive result is defined as 50 blue colonies after a
3 hr incubation.
(D) Summary of results for all regions assayed for association with L6.
able to pass any current (Perozo et al., 1993). The sys- Two different forms of dominant-negative pore con-
structs were generated (Figure 3A), and both gave virtu-tematic deletion of putative ADs from the dominant-
negative form of the channel will result in the reemer- ally identical results. The first was a construct in which
a portion of the pore domain was deleted (P-hSlo1)gence of functional hSlo1 currents when these constructs
are coexpressed with wild-type hSlo1 subunits. Hence, and the second a construct in which the pore signature
sequence was mutated from GYG to AAA. Expressionthe identification of sequences that function as suppres-
sors of dominant-negative pore constructs serves to of either construct in oocytes resulted in no measurable
hSlo1 currents (data not shown). More importantly, thefurther localize hSlo1 association domains.
Figure 2. hSlo1 Dominant-Negative Coex-
pression Assays in Xenopus Oocytes
(A) Representation of the PCR generated
hSlo1 fragments used in dominant-negative
coexpression studies. None of these frag-
ments produce functional channels when ex-
pressed alone in oocytes.
(B) Two-electrode voltage clamp current re-
cords from oocytes coexpressing wild-type
hSlo1 subunits together with fragments S0–
S1, S0–S6, S0–S8, S5–S6, S5–S8, or S5–L10.
Oocytes were injected with full-length hSlo1
and the fragment subunit at a molar ratio of
1:10, and the currents were recorded 12 hr
later. The holding voltage was 80 mV, and
currents evoked by 50 ms voltage steps from
0 mV to 140 mV in 10 mV increments every
4 s. Currents shown are normalized to peak
currents measured for hSlo1 alone.
(C) Averaged data for all coexpression experi-
ments. Peak currents were measured at 140
mV, and are expressed as a percentage of
control oocytes injected with hSlo1 alone,
and recorded from on the same day.
Neuron
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Figure 3. Expression of hSlo1 Pore Deletion Mutations and L6 Deletion Constructs
(A) Representation of two hSlo1 dominant-negative pore-mutation constructs generated. PCR was used to either delete a portion of the pore
domain (P) or to mutate the pore signature sequence GYG to AAA.
(B) Two-electrode voltage clamp current records from oocytes expressing wild-type hSlo1 subunits alone or coexpressing hSlo1 together
with P-hSlo1. Cells were injected with full-length hSlo1 and the P-hSlo1 subunit at a molar ratio of 1:9 and recorded from 12 hr later. The
holding voltage was 80 mV, and 50 ms voltage steps from 0 to 140 mV in 10 mV increments were applied every 4 s. Currents shown are
normalized to peak currents measured for hSlo1 alone.
(C) Two-electrode voltage clamp current records from oocytes expressing wild-type DRK1 (Kv2.1) subunits alone or coexpressing together
with P hSlo1. Cells were injected with DRK1 and the fragment subunit at a molar ratio of 1:9, and recorded from 12 hr later. The holding
voltage was 80 mV, and 450 ms voltage steps from 0 to 100 mV in 10 mV increments were applied every 4 s. Currents shown are normalized
to peak currents measured for DRK1 alone.
(D) Averaged data for all P hSlo1 coexpression experiments. For hSlo1 experiments, peak currents at 140 mV were expressed as a percentage
of control oocytes injected with hSlo1 alone and recorded from on the same day. For DRK1 experiments, peak currents at 100 mV were
expressed as a percentage of control oocytes injected with DRK1 alone and recorded from on the same day. The current values recorded
from oocytes injected with hSlo1 constructs at 140 mV ranged from an average of 2100 nA (S.D. 520) n  67 for hSlo1 alone to an average
of 140 nA (S.D. 55) n  12 for hSlo1  AAA-hSlo1. Current values recorded from oocytes injected with DRK1 constructs at 100 mV ranged
from 4020 nA (S.D. 2080) n  6 for DRK1 alone to 4100 nA (S.D. 2194) for DRK1  P-hSlo1. Expression of hSlo1-L6N (amino acids 323–398
deleted) or hSlo1-L6C (amino acids 399–477 deleted) alone did not produce functional hSlo1 channels (open bars).
coinjection of these constructs with wild-type hSlo1 constructs deleted sequences located within L6, the
hydrophilic domain just downstream of the pore. Inter-caused the almost complete suppression of hSlo1 cur-
rents (Figures 3B and 3D), confirming that wild-type estingly, the deletion of the N-terminal half of L6 (L6N)
or the C-terminal half of L6 (L6C) produced comparablehSlo1 and the nonconducting pore mutant constructs
do interact to form tetramers. To test the specificity results to the complete L6 deletion. Increasing the ratio
of mutant to wild-type hSlo1 cRNA injected had virtuallyof this interaction, the effect of coexpressing the pore
mutants with another type of voltage gated K channel, no effect on the degree of gain of function. As was also
observed in the dominant-negative assays, the deletionDRK1 (Kv2.1), was also examined. As shown in Figures
3C and 3D, the hSlo1 pore constructs do not act as of domain L9 (L9C) or domain L10 (L10) from the P
hSlo1 subunit again caused a partial suppression of thedominant negatives for this related K channel.
These dominant-negative pore constructs were used dominant-negative effect (Figure 4C). Hence, our data
indicate that regions within L6 contain strong ADs,to identify ADs by screening for suppressors of the domi-
nant-negative phenotype. The two pore mutant con- whereas regions more C-terminal to L6 also contribute
to association but play a smaller role. To directly deter-structs (Figures 3B and 3D) were further modified to
delete fragments of the channel (Figure 4A). In this way, mine the importance of either the N-terminal half of L6
(L6N) or the C-terminal half of L6 (L6C) to the expressionif one of the deletion constructs were to contain a strong
AD, then the dominant-negative hSlo1 construct would of functional channels, two deletion constructs were
generated (L6N and L6C) and expressed in oocytes.no longer be able to associate with, and suppress the
function of, the wild-type hSlo1 subunits. Hence, the As shown in Figure 3D, neither of these constructs gave
rise to the expression of functional hSlo1 channels.deletion of a putative AD would result in the reappear-
ance of functional hSlo1 channel tetramers due to the
suppression of the dominant-negative effect. Three of Biochemical Characterization of L6
To confirm and further characterize the putative AD rolethe constructs generated (Figure 4A) resulted in a domi-
nant-negative suppression (Figures 4B and 4C). All three of L6, we performed in vitro pull-down assays. Two types
BK-T1 Is a Novel Association Domain in hSlo1
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Figure 5. Examination of L6 Association Using Fusion Protein Pull-
Down Assays
(A) Representation of the GST and MBP hSlo1 fragment fusion pro-
teins used in the in vitro pull-down studies. The hSlo1 fragments
shown were generated by PCR. The MBP fusion protein also con-
tains a -galactase fragment at the carboxy terminal.
(B, C, D, and E) GST fusion proteins attached to Sepharose 4B
were incubated with soluble MBP-L6. The beads were centrifuged,
Figure 4. Functional Suppressor of Dominant-Negative Assays
washed, separated on SDS-PAGE, and transferred to PVDF mem-
(A) Representation of PCR-generated hSlo1 deletion constructs branes. These were incubated with either antibodies to MBP (B and
used to localize hSlo1 domains that can function as suppressors D) or GST (C and E) and then HRP-conjugated secondary antibodies.
of dominant-negative pore mutations. None of these constructs The asterisks show the full-length GST fusion proteins. (B) and (C)
produce functional channels when expressed in oocytes alone. represent an experiment with hSlo1 fragments that contain all of
(B and C) Two-electrode voltage clamp current records from oocytes L6, (D) and (E) represent an experiment examining subregions of
coexpressing wild-type hSlo1 subunits together with the L0P- L6. For both cases, a negative control (GST alone or L4 GST) is
hSlo1 or L6P-hSlo1 construct. Cells were injected with wild-type included.
hSlo1 and the fragment subunit at a molar ratio of 1:9, and recorded
12 hr later. The holding voltage was 80 mV, and 50 ms voltage
steps from 0 to 140 mV in 10 mV increments were applied every 4
L6. When GST alone is expressed under these condi-s. Currents shown are normalized to peak currents measured for
tions, no MBP-L6 is coprecipitated. Alternatively, whenhSlo1 alone.
soluble MBP alone is incubated with GST-L6, no MBP(D) Averaged data for all coexpression experiments. Peak currents
at 140 mV were expressed as a percentage of control oocytes in- is coprecipitated (data not shown). Figure 5C shows the
jected with hSlo1 alone and recorded from on the same day. positions and relative amounts of GST-fusion protein in
each lane. The bands marked with an asterisk corre-
spond to the expected molecular weights for these con-
structs. Lower molecular weight bands presumably rep-of hSlo1 fusion protein constructs were generated, con-
taining one of two tags: either maltose binding protein resent proteolytic fusion protein fragments.
To determine if regions within L6 are capable of inter-(MBP) or GST (Figure 5A). The GST fusion proteins
attached to Sepharose beads were used to precipitate acting with L6, we generated three more GST fusion
proteins, L6N (N-terminal), L6M (middle), and L6C (C-ter-soluble MBP-hSlo1 fusion proteins. Figure 5B shows
that both GST-L6 and GST-L6L7 are able to precipitate minal) (Figure 5A) to use in conjunction with MBP-L6 in
in vitro pull-down assays. The results in Figure 5D showMBP-L6. Interestingly, the interaction of GST-L6L7 with
MBP-L6 appears to be stronger than GST-L6 with MBP- that all three of these subregions within L6 can bind to
Neuron
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Figure 6. The MBP-L6 Protein Sediments as a Tetramer on a Su-
crose Density Gradient
Relative protein concentrations of MBP-L6 fragment in each fraction
after sucrose-gradient sedimentation are shown in relation to migra-
tion distances of marker proteins of known mass sedimented on
similar sucrose gradients. Markers shown: BSA (85 kDa), -amylase
Figure 7. BP-L6 Tetramers Can Be Detected Using Nondenaturing(206 kDa), and Apoferritin (443 kDa). Protein concentrations are
PAGEnormalized to the peak fraction for each experiment. A sample from
(A) A 5% polyacrylamide, 4 mM Zwittergent 3-12 gel was run at 100each fraction was also subjected to PAGE and then Western blot
mV for 2 hr. Lane 1 contains molecular weight standards (Amershamanalysis.
Pharmacia). Lane 2 contains 5 mg of BP-L6 protein stored at 4C(A) Representative sedimentation pattern of MBP-L6 in either 40
prior to loading onto the gel. Lane 3 contains 10 mg of BP-L6 storedmM Zwittergent (bold filled circles), or in 2% SLS (open circles).
in 40 mM Zwittergent 3-12 for 1 hr at room temperature before(B) Representative Western blot showing presence of MBP-L6 using
loading, and Lane 4 contains 5 mg of the same protein.an antibody against MBP.
(B) Plot of high molecular weight standards used to calculate a
molecular weight for the MBP-L6 protein. The calculated weight is
315 kDa. The predicted weight for a MBP-L6 tetramer is 307 kDa.
MBP-L6. Although it is difficult to quantify, it appears
that all three of these subregions bind to MBP-L6 to a
similar extent, as does GST-L6. In contrast, the linker to tetramerize, MBP-L6 was examined using nondena-
turing PAGE analysis. It was not possible to resolve clearL4 (between S4 and S5) does not bind to MBP-L6. Figure
5E shows the results of probing the same blot with an protein bands in the complete absence of detergents.
However, in the presence of low concentrations of Zwit-anti-GST antibody. The highest molecular weight bands
observed in each of the four lanes correspond to the tergent 3-12 (4 mM), a protein band corresponding to
a molecular weight of approximately 315 kDa can beexpected molecular weights for the GST constructs gen-
erated. Hence, results from yeast two-hybrid and co- detected (Figure 7A). This band is consistent with MBP-
L6 forming a tetramer. In addition, a broad diffuse bandprecipitation assays are in agreement that domain L6
is capable of self-association. running in the approximate position of the monomer can
also be detected, and a faint band running in the positionTwo independent methods, sucrose density gradients
and nondenaturing PAGE, were utilized to resolve the of a dimer can also be seen. Antibodies to MBP confirm
that both of these bands are MBP-L6 (data not shown).stoichiometry of this self-association. The sedimenta-
tion profile of MBP-L6 in a 15%–30% linear sucrose MBP alone, subjected to PAGE, produces a broad dif-
fuse band that is consistent with a monomer (data notgradient is shown in Figure 6A (filled circles) and indi-
cates that this hSlo1 fragment sediments predominantly shown).
in fraction 9, corresponding to an apparent molecular
mass of approximately 350 kDa (Figure 6B). This mass Discussion
is close to the expected molecular weight of an MBP-
L6 tetramer (340 kDa). In the presence of a detergent Here, we present compelling evidence that large con-
ductance KCa channels contain a strong association do-(2% SLS), MBP-L6 sediments predominantly in fraction
1. This corresponds to an apparent molecular mass of main and localize this domain as being just C-terminal
to the channel pore. Using yeast two-hybrid assaysless than 85 kDa (Figure 6B), consistent with MBP-L6
sedimenting as a monomer under these conditions. in conjunction with functional and biochemical ap-
proaches, we find that the domain L6 (Figure 1) is theTo further examine the ability of this hSlo1 fragment
BK-T1 Is a Novel Association Domain in hSlo1
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Figure 8. Sequence Alignments of Proteins Containing Domains Homologous to BK-T1
Proteins containing hSlo1 BK-T1 domains were aligned using pileup (GCG, Madison, WI), and sequence homology examined using GeneDoc
set to the Blossum 62 table (http://www.psc.edu/biomed/genedoc/). Shown above the alignment is the location of S6 and S7, as well as the
predicted  sheet and  helix domains making up the Rossmann fold as determined by the crystal structure of the E. coli RCK domain (Jiang
et al., 2001). Dark blue denotes 100% similarity and light blue 80% similarity based on similarity groups of DE, KR, GP, and LIVAMCFYT.
Abbreviations: hSlo1, human Slo1 BK channel (Homo sapiens GI:606876); mSlo1, mouse Slo1 BK channel (Mus musculus GI:539800); dSlo1,
Drosophila Slo1 BK channel (Drosophila melanogaster GI:321029); mSlo3, mouse Slo3 K channel (Mus musculus GI:6680542); hSlo2, human
Slo2 channel (Homo sapiens GI:7243225); rSlo2, (Rattus norvegicus GI:11360396); CeSlo2, C. elegans Slo2 K channel (Caenorhabditis elegans
GI:7188777); CAKC2 K, protozoan parasite BK-related protein (Leishmania major GI:11466171); Bsub K, bacterial K channel related protein
(Bacillus subtilis GI:2635628); Aaeolis K, hyperthermophilic marine aerobic bacterial K channel (Aquifex aeolicus GI:7520841); Ecoli K, bacterial
putative K channel (Escherichia coli GI:400124).
only hydrophilic region of hSlo1 capable of strong self- assemble as heterotetramers. Recent evidence showing
that SLACK/rSlo2 can form heteromeric channels whenassociation. This region, or a large domain including
this region, is required for functional channel expression coexpressed with Slo1 supports this possibility (Joiner
et al., 1998). Other proteins showing significant se-when examined in both loss of function and gain of
function assays. Finally, we show that L6, when ex- quence homology to BK-T1 are CAKC1 and CAKC2,
putative calcium-activated potassium channels recentlypressed alone, is capable of tetramerization. Together,
these data indicate that the L6 domains within Slo1 cloned from an evolutionarily ancient protist (Kineto-
plastidae), Leishmania major (Myler et al., 1999). CAKC2subunits mediate the tetramerization required to form
functional Slo1 channels and that this domain shows also appears to be related to another SLACK-related
putative potassium channel, (hSLo2; KIAA1422) recentlyselectivity between different K channel subtypes. We
have named this domain BK-T1, in concordance with cloned from human tissue (Nagase et al., 2000). A sur-
prising finding is that BK-T1 is also homologous to po-Kv-T1, an association domain in voltage-gated K
channels. tassium channel-like sequences from bacteria (Bacillus
subtilis, Aquifex aelicus, and Escherichia coli). There-
fore, BK-T1 is not only homologous in Slo1 channelsBK-T1 Is Evolutionarily Conserved
We searched the databases at Genbank and EMBL for across species, but may also be conserved in potential
association partners of Slo proteins. In contrast, BK-T1sequences similar to BK-T1. All Slo1 channel subunits
in these databases show virtually perfect sequence ho- does not show any significant sequence homology with
SK calcium-activated K channels nor with a C-terminalmology over the BK-T1 region (Figure 8 and data not
shown). In addition, Slo2 or Slo3 potassium channel sequence from an EAG potassium channel (r-eag cad)
previously implicated in the assembly of these channelssubunits, rSLACK (rsLo2) (Joiner et al., 1998), ceSlo2
(Lim et al., 1999; Wei et al., 1996; Yuan et al., 2000), (Ludwig et al., 1997).
After this study was completed, Jiang et al. (2001)mSlo3 (Schreiber et al., 1998), and CAKC1/CAKC2
(Myler et al., 1999) also have significant homology with presented a 2.4 A˚ crystal structure of an RCK domain
from a eukaryotic K channel. This domain is represen-BK-T1 (Figure 8). Ce-Slo2 has been proposed to be the
C. elegans homolog of rSLACK (Lim et al., 1999; Yuan tative of a broad class of domains that regulate the
conductance of K (RCK) and also appears to be presentet al., 2000). MSlo3 is also a potassium channel with
significant sequence homology to mSlo1, the mouse in Slo1 channels. Although the sequence homology be-
tween the prokaryotic RCK domain and hSlo1 is lessvariant of hSlo1. However, the mSlo3 homomeric chan-
nel is sensitive to pH rather than calcium (Schreiber et than 20%, there is evidence that this region, surprisingly
corresponding to the BK-T1 domain described here, isal., 1998). The finding that there is significant sequence
homology within Slo1, Slo2, and Slo3 BK-T1 domains structurally related (Jiang et al., 2001). The RCK domain
is an / protein, the core of which forms a Rossmannraises the possibility that these subunits may be able to
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fold in which a six-stranded parallel  sheet is sand- indicate that regions other than BK-T1 may also contrib-
ute to channel assembly. In the dominant-negativewiched between two sets of  helices (Branden and
Tooze, 1991; Keskin et al., 2000). assay, regions larger than but including BK-T1 are found
to maximally suppress channel expression. When S5S6Analysis of protein packing indicates that pairs of RCK
domains could interact with each other to form dimers is coexpressed with the wild-type subunit, a small, al-
though statistically significant, dominant-negative effectas a result of protein-protein interactions (Jiang et al.,
2001). The sequence of events by which K channels is seen. Furthermore, in gain of function assays, the
removal of L9 or L10 regions does result in a small gainform tetramers is not known. However, specific protein
domains that associate to stabilize appropriate subunits of function. These other potential contributors to BK
channel assembly may be similar to the IMA (intramem-allow them to form a correctly assembled tetrameric
complex (Abbott et al., 1997; Bixby et al., 1999; Kreusch brane associations) sites identified for Kv channels
(Sheng et al., 1997). These regions do not regulate theet al., 1998). Although it is not yet possible to completely
reconcile the finding that BK-T1 can form tetramers with specificity of assembly as strong association domains
but are believed to stabilize the association of the sub-structural data showing that RCK domains may form
dimers, one possibility is that BK-T1 forms a dimer of units. Overall, our data show that the BK-T1 domain
plays a role in stabilizing the formation of appropriatedimers (Zagotta, 2001).
The location of BK-T1, just following the inner helix tetramers and that regions near the pore and near S9 and
S10 are likely to further stabilize monomer interactionsof the pore domain, and the overlap of this domain with
the Rossmann-fold RCK domain raises interesting func- in the newly formed channel. Based on the structural
similarity of this domain to a Rossmann fold (Jiang ettional implications. Previous work has shown that Ca2
binding sites and the voltage sensor do not directly al., 2001), it is possible that conformational changes
within BK-T1 translate Ca2 binding to channel gating.interact but, rather, are separate allosteric activators
(Cui and Aldrich, 2000; Rothberg and Magleby, 2000). Furthermore, if this domain forms a tetramer in the con-
text of the native transmembrane protein, then a con-Hence, the binding of Ca2 to one or more binding sites
in the C terminus of hSlo1 (Schreiber and Salkoff, 1997) certed conformational change in the tetrameric struc-
ture of the BK-T1 domain may be the mechanistic basisis transduced to alter the gating of the channel without
any interaction with the voltage activation pathway. The for the highly cooperative response of hSLo1 gating to
elevations in intracellular Ca2.positioning of the BK-T1/RCK domain between the Ca2
binding domain and the pore of the channel raises the
Experimental Procedurespossibility that BK-T1 has a dual functionality, serving as
a tetramerization domain that brings individual subunits
Molecular Biology
together, and also as a transduction domain that cou- BK channel deletion and generated mutation constructs utilized the
ples Ca2 binding to channel gating. A number of Ross- previously described (Tseng-Crank et al., 1994) hSlo1 construct in
the pBlueScript (Stratagene, La Jolla, CA) vector. For these studies,mann fold proteins respond to binding of a ligand with
the shortest hSlo1 channel isoform (hbr1), which does not containa conformational change from an “open” to a “closed”
insert sequences at any of the known alternative splice sites, wasform (Keskin et al., 2000). Hence the BK-T1 domain may
used. hSlo1 mutations and fusion proteins were generated usingserve to propagate conformational changes within the
standard molecular techniques including PCR, DNA restriction en-
C-terminal domain of hSlo1 from the site of Ca2 binding zyme digestion and ligation, and site-directed mutagenesis. All DNA
to a “gating domain” shared with the voltage-dependent constructs generated were verified by DNA sequencing (Duke DNA
Sequencing Facility). Most of the sequence deletions and mutationsactivation mechanism.
were performed using the QuikChange Mutagenesis kit (Stratagene).
The L6P construct was generated by PCR. The N terminus ofRole of Regions Other Than BK-T1 in Slo1 Assembly
hSlo1 was epitope tagged with the HA sequence (from hemaggluti-
Work on the assembly of protein channel complexes nin protein, YPYDVPDYA) using PCR. This epitope tag had no effect
such a Kv channels, acetylcholine receptors, and GABAa on channel expression (data not shown). The HA-tagged hSlo1 was
used interchangeably with the wild-type hSlo1 in the gain of functionreceptors identified association domains localized in the
assays. cRNA was transcribed from linearized plasmid DNA usingamino terminus of these proteins (Kuhse et al., 1993;
the MegaScript kit (Ambion, Austin, TX) in the presence of the capShen and Pfaffinger, 1995; Taylor et al., 1999; Yu and
analog m7G(5	)ppp(5	)G (Ambion). GST and MBP fusion protein DNAHall, 1991). Evidence presented here shows that BK
constructs were generated by subcloning PCR amplified hSlo1 frag-
channel assembly does not require regions in the amino ments inframe with unique restriction enzyme sites into the respec-
terminus. The largest hydrophilic region, L0, homolo- tive vectors pGEX-KG, a modified form of pGEX-2T vector (Phar-
macia, North Peapack, NJ) (Guan and Dixon, 1991) and pMAL-C2gous in location to T1 in Kv channels, in the amino-
(New England Biolabs, Beverly, MA). For yeast two-hybrid assays,terminal of this protein is not capable of self-association
amplified PCR products corresponding to hSlo1 fragments wereas shown with the yeast two-hybrid assay. In addition,
subcloned into the pAS2.1 and pACT2 vectors (Clontech, Palo Alto,when fragments of the amino-terminal are coexpressed
CA) inframe using unique restriction enzyme sites.
with wild-type subunits, channel expression is not sup-
pressed, indicating that these amino-terminal fragments Yeast Two-Hybrid Protocol
YRG-2 competent cells (Stratagene) were transformed with 100 ngdo not assemble with wild-type subunits. Conversely,
of the pAS2.1 or pACT2 vector containing hSlo1 PCR fragments.when L0 was removed from a mutant subunit, that sub-
Transformants were selected on synthetic yeast media containingunit still suppresses wild-type channel expression.
2% dextrose and all auxotrophic markers except leucine and trypto-Therefore, there is no evidence that the amino-terminal
phan (SD-L-W). Interactions were assayed using a lacZ assay. Five
is important for assembly of BK channels. days after transformation, colonies were lifted onto Whatman #5
BK-T1 is the strongest association domain identified paper, lysed in liquid nitrogen, and developed by placing filters on
Whatman paper saturated with Z buffer (50 mM NaHPO4 [pH 7.0],in the hSlo subunit. However, the data presented here
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10 mM KCl, 1 mM MgSO4, 50 mM -mercaptoethanol) containing (150 mM NaCl, 16 mM Na2HPO4, 4 mM NaH2PO4) and concentrated
on Centricon-30 columns (Amicon, Beverly, MA). The concentration0.33 mg/ml 5-bromo-4-chloro 3-indolyl--D-galactopyranoside.
Nonspecific interactions were examined by transforming hSlo1 do- of the fusion protein was determined using the Coomassie plus 200
or BCA Protein Assay Kit (Pierce). Fusion protein was stored at amains in pACT2 or pAS2.1 with the empty plasmids pAS2.1 or
pACT2, respectively, and by transforming the hSlo1 PCR fragments concentration of 1 mg/ml at 4C for up to 7 days.
in pACT2 with pAS2.1-lamin C (a vector which encodes a DNA-BD/
human lamin C fusion protein). Pull-Down Assay Protocol
GST-hSlo1 fusion proteins (5 
g) were incubated with 50 
l of GSH-
agarose (50% slurry) in pull-down buffer (PBS, 1 mM EDTA, 2 mMElectrophysiology
DTT, 1% Triton X-100, 10 mM Maltose). Fifty micrograms of MBP-Stage V–VI Xenopus laevis oocytes were harvested as previously
L6 was added and pull-down buffer was added to bring the finaldescribed (Tseng-Crank et al., 1994) and agitated in Ca2-free OR
volume to 500 
l. This slurry was incubated at room temperaturebuffer (86 mM NaCl, 1.5 mM KCl, 2 mM MgCl2, 10 mM HEPES, 50
with agitation for 5 hr. The beads were pelleted and then washed
g/ml gentamycin [pH 7.6]) containing 0.75 mg/ml collagenase for
with 1 ml of wash buffer (pull-down buffer  1 M NaCl) ten times.60 min to remove follicle cells. Oocytes were washed extensively
Protein complexes bound to the beads were eluted in Laemmliin Ca2-free OR and stored in ND-92 buffer (92 mM NaCl, 1.5 mM KCl,
buffer. A fraction of this was then separated on a 10% SDS polyacryl-1.2 mM CaCl2, 2 mM MgCl2, 10 mM HEPES, 50
g/ml gentamycin [pH
amide gel and transferred to an Immobilon-P Polyvinylidene difluor-7.6]). Oocytes were injected with 40 nl of cRNA. Wild-type hSlo1
ide membrane (PVDF; Sigma). Western blotting was performed usingcRNA was injected at a concentration between 3.75 and 15 ng/
l,
the ECL chemiluminescent system (Amersham). Blocking was car-so that average current levels were approximately 1.5 
A at 140
ried out in 10% Milk Powder in PBS plus 0.1% Tween-20 for 3 hr atmV (see below). Except where noted, molar ratios of 9:1 (mutant
room temperature. The MBP antibody (New England Biolabs) wascRNA:wild-type cRNA) were used for dominant-negative assays and
used at a dilution of 1:10,000. The GST antibody (gift from Dr. Shirishwhen using suppressors of dominant-negative constructs. Macro-
Shanolikar, DUMC) was used at a 1:5000 dilution. Horseradish peroxi-scopic currents were recorded 12 hr after RNA injection by two
dase-linked secondary antibodies were from Jackson Immuno Re-electrode voltage clamp using an Axoclamp 2A amplifier (Axon Instru-
search Laboratories, Inc. Blots were exposed to film for 1 to 3 min.ments, Union City, CA). Data were acquired using the software pro-
grams InClamp (Billabong Software and Indec Systems) and pClamp
(Axon Instruments). Currents were filtered at 1 kHz and digitized at Sucrose Density Gradient Protocol
5 kHz, and the electrode solution was 3 M KCl in 5 mM Tris (pH Recombinant MBP-L6 fusion proteins (initial concentration 1 mg/
7.4). The bath solution was Frog 88-gluconate (88 mM D-Gluconic ml) were layered on top of a 15%–30% linear sucrose gradients
acid, 1.5 mM KCl, 1.2 mM CaCl2, 2.0 mM MgCl2, 10 mM Hepes [pH above a 60% sucrose cushion in PBS  100 mM DTT to which
7.4], 50 
g/ml Gentamycin). The membrane potential was held at either 2% SLS (sodium lauroyl sarcosinate, Fluka), or 40 mM Zwitter-
80 mV and 50 ms voltage steps between 0 and 140 mV, incre- gent 3-12 (Calbiochem, San Diego, CA), or no detergents were
menting in 10 mV steps applied every 4 s. For DRK1 experiments, added. Gradients were prepared and fractionated with an Auto
350 ms voltage steps between 0 and 100 mV were applied every Densi-Flow IIc (Buchler Instruments, Lenexa, KS). Where desig-
4 s. For all experiments, the contribution of chloride channels endog- nated, detergents were added to protein samples 45 min before
enous to oocytes (Miledi and Parker, 1984) was corrected by sub- layering 200
l of the samples onto sucrose gradients. After centrifu-
tracting current responses from H2O-injected oocytes recorded on gation at 35,000 RPM for 20 hr at 22C alongside proteins of known
the same day. For every experiment, currents produced by hSlo1 molecular mass, 1 ml fractions were collected and analyzed for the
were measured in 5 to 10 oocytes. Current flow was determined by presence of protein using the Pierce BCA protein assay and SDS-
averaging current values between 10 and 25 ms after the voltage PAGE analysis followed by Western blot analysis. Standards used
step. were BSA (Bovine Serum Albumin, Boehringer Mannheim), -amy-
lase (Sigma, St. Louis, MO), and apoferritin (Sigma).
Fusion Protein Expression
Nondenaturing PAGEhSlo1fusion protein vectors were transformed into BL-21(DE3)-
Polyacrylamide gels (5% acrylamide, 4 mM Zwittergent 3-12) werepLysS E. coli and proteins expressed using standard protocols. For
poured without stacking gels. Protein samples were mixed withGST fusion proteins, bacterial cultures were incubated at 37C with
(0.5 M Tris, 20% glycerol, 1.2% bromophenol blue, 0.5% Zwittergentagitation until growth was in log phase as measured by an OD600 of
3-12), and separated at 100 mV. Protein standards were from Amer-0.5. Protein expression was initiated with 0.1 mM isopropyl-b-D-thio-
sham Pharmacia Biotech (HMV kit XY-077-00-03).galactopyranoside (IPTG) and the cultures incubated at 37C with
agitation for an additional hour. Cells were collected by centrifuga-
tion and resuspended in PBS (150 mM NaCl, 16 mM Na2HPO4, 4 Acknowledgments
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